We are investigating the effect of pupil-fill patterns and partial coherence settings on EUV reticle images on the new SEMATECH High-NA Actinic Reticle review Project (SHARP), to deepen our understanding of its performance, and improve the emulation of image formation in arbitrary printing tools. SHARP is an EUV mask microscope developed as the successor of the SEMATECH Berkeley Actinic Inspection Tool (AIT). It is equipped with a unique, MEMS-based Fourier synthesis illuminator that generates arbitrary, customized pupil fill patterns to control the illumination partial coherence. The high-magnification objective lenses are an array of interchangeable Fresnel zoneplates with 4×NA values ranging from 0.25 to 0.625.
INTRODUCTION
In EUV lithography, the partial coherence specifications of the light source play a fundamental role in the quality of the mask aerial image, as shown in Figure 1 . We developed SHARP (The SEMATECH, High-NA Actinic Reticle review Project), [1] a synchrotron-based EUV microscope dedicated to mask imaging, featuring a Fourier synthesis illuminator [2] that can create a arbitrary partial coherence settings. SHARP was built on beamline 11.3.2 at the Advanced Light Source at Lawrence Berkeley National Laboratory. SHARP's illuminator can emulate the partial coherence of the printing tools the mask is intended for and provide greater understanding of the aerial image that will be printed. Moreover, SHARP can be used to investigate aerial image characteristics such as normalized intensity log slope (NILS), pattern edge roughness, contrast and depth of focus under various illumination patterns, performing a full characterization of the reticle with EUV light. σ = 0.0 σ = 0.5 σ = 1.0 2 μm Figure 1 . Three EUV images of LBNL logo collected with NA = 0.0625 and disk fill illumination with different partial coherence values. The diffraction effects induced by the pattern edges are clearly visible for low sigma while at high sigma a loss of contrast for high spatial frequencies can be observed.
SHARP allows us to quantify the effects of different pupil fills and partial coherence settings on EUV-reticle aerial images. Here we analyze the effects of different illumination settings on through-focus contrast, depth of focus, NILS and mask surface roughness. While SHARP features zoneplates with 4×NA values ranging from 0.25 to 0.625, for the experiments presented here, we used only one lens with 4×NA = 0.25 (NA = 0.0625), focal length f = 0.5 mm and a chief ray angle CRA = 6°.
SHARP Fourier Synthesis Illuminator
The synchrotron beam that powers SHARP is generated by a bending magnet; a monochromator selects the wavelength of operation with a bandwidth of 1/1500. The synchrotron beam is conditioned using two sets of xy slits. The downstream slits D are positioned close to M A and control the beam size at focus. The upstream slits U are close to the output side of the vertical focusing mirror and allow us to limit the beam divergence, when necessary. The control of partial coherence is achieved by scanning the beam angle with M A and "painting" the required pupil fill. The precision we can achieve in the definition of the pupil fill is limited by the divergence of the static beam. Neglecting the beam spot size, the static beam size on the microscope's imaging lens is given by:
Where σ is the beam divergence, γ is the beam angle of incidence on the mask and p is the distance of the lens from the mask surface. The pupil fill is defined with an angular precision that is inversely proportional to the beam divergence, which means that, when needed, we can trade some flux for a better-defined pupil fill by closing the upstream slits.
We control the angular distribution of the beam by scanning the angle of M A at high frequency during each exposure. The condenser of SHARP was designed to reach a maximum NA of 0.0156, and to emulate current scanners, we also included the ability to change the illumination azimuth in a range of ± 25° as shown in Figure 2 . These specifications require the reflected beam R to cover an angular range of ± 0.9° around x and ± 1. Figure 3 . We control the tip-tilt of M A around the x axis and the tangential vector t. The normal to the mirror's surface at rest forms an angle θ 0 = 55° with the direction of the incoming beam. When the mirror is tilted by α and δ, the reflected beam vector R tilts by  α and  δ as described by Eq. 2.
We have control of the M A tilt angle δ around x and α around t, therefore we use the coordinate transformation described by equation 2 that maps these two angles into  α and  δ , the angles formed by the reflected vector R with its direction when M A is in its rest position.
In practice, to achieve a better control over the M A tip and tilt, we calibrate the angles empirically, using a pupil fill monitor (PFM). This device is a simple microscope built in the main chamber of SHARP that can visualize the illumination beam on a YAG crystal. The PFM can translate in 3D and can image the illumination beam in its focal plane and in the pupil plane. The angle calibration is performed by scanning the beam across the whole pupil area and creating a map of the beam angle as a function of the voltages used to drive M A . This method allows us to check periodically the angle calibration and correct accidental misalignments that could result in systematic errors in the pupil fill.
Absorber reflectivity
Accurate measurements of line and pattern properties require knowledge of the finite reflectivity of the absorber. For the calculations presented in this paper, we quantify the absorber reflectivity relative to the reflectivity of the multilayer. To measure it, we compared the intensity of two series of images (1) collected over a clear region and (2) over an area covered with absorber. Each image was pre-processed by subtracting a camera background level that consists of dark current and a fixed offset. After background subtraction, we selected a 3×3 µm 2 portion of each image and calculated its best fitting plane to account for non-uniformities in the illumination. The average ratio between absorber intensity and the clear region intensity is an estimate of the absorber relative reflectivity. We repeated this procedure over 10 different areas of the mask and measured an average absorber reflectivity value, R abs = 0.012 ± 0.0005.
Lens flare
Flare is an undesirable property of the imaging lens can contribute a background intensity that reduces image contrast and affects the accurate measurement the line properties. To evaluate the lens flare in SHARP, we imaged a large dark, vertical line in a bright field at best focus, and measured the line intensity profile after background subtraction. (See Figure 2 .) The lens resolution (with incoherent illumination) is r = 1.22 λ / 2 NA = 131 nm. For this test, we chose a line of 550 nm to limit the effect of the resolution on the line profile. We measured the intensity A of the light reflected by the multilayer and the intensity B in the center of the absorber line. We estimated the flare level F taking into account the reflectivity of the absorber using the relation F = B / A − R = 1.0%. 
PARTIAL COHERENCE AND CONTRAST
The illumination partial coherence has a direct effect on the resolution of a microscope [5, 6] . We used SHARP to demonstrate the effect of partial coherence on the Contrast Transfer Function (CTF). We collected a series of through focus images of dense vertical lines of different sizes, varying σ from approximately 0 to 1. For each series we extracted the contrast from the best focus image, correcting for flare. Separately, we simulated the CTF for a mask with a relative absorber reflectivity R abs = 0.012. As the partial coherence increases, the CTF curve rolls off more smoothly and the modulation of the lines extends toward smaller CD values; we also observe a drop in contrast for higher CD sizes.
The comparison of measurement and simulation shown in Figure 5 shows that, with the beam settings used in this experiment, the measured data agrees with the simulation for sigma as low as 0.6. For lower sigma values, the simulated curves that match the data have a higher partial coherence. In Figure 5 we show for example that if we program a pupil fill corresponding to a partial coherence of 0.1, we obtain a CTF that corresponds to a sigma value of 0.3. This mismatch is probably due to the fact that the minimum achievable partial coherence is dictated by the divergence of the synchrotron beam. We can increase the minimum partial coherence at the expenses of flux by reducing the size of the upstream aperture U. Another possible cause that we have identified may be a small (≤ 0.5°) error in the calibration of the M A angle. With coherent light and line sizes close to the resolution of the imaging lens, small central ray angle errors could create problems of this nature. 
DEPTH OF FOCUS
In lithography the concept of depth of focus (DOF) refers to the focus error range that produces acceptable results. The definition of acceptable results is somewhat arbitrary and depends on several metrics like line width and NILS. With SHARP we can create a visual representation of the depth of focus for a specific CD and numerical aperture as a function of partial coherence. Figure 6 shows a matrix of 1.5-µm-square EUV images through focus with different partial coherence settings. The lines are 110-nm half-pitch and the NA used is 0.0625 (0.25 4xNA) with disk fill illumination. This figure gives a quick idea of the DOF behavior as a function of σ. For low sigma values, contrast lobes appear through focus, due to the Talbot effect. The low contrast regions show the boundary to the DOF. At increased σ values, the overall contrast is lower, but the DOF expands. For a quantitative evaluation of the DOF, we analyze the evolution of the aerial images through focus. This is done creating a focus-exposure matrix of the metric of interest [7] . When analyzing the mask aerial images collected with SHARP, varying the intensity threshold simulates different exposure levels. The average dynamic range of the images collected with SHARP is 10,000-20,000 counts and can be increased up to about 60,000 counts with longer exposure times. This gives us a quasi-continuous image intensity profile. We measured the line width at 100 intensity levels spanning the intensity range and created a CD focus-exposure matrix. This matrix can be represented with a Bossung plot as shown in Figure 7 where each curve represents a different intensity level. The matrix gets fitted to a 2D polynomial of the form [7] :
CD [nm]
Where E is the exposure (in our case the intensity level) and F is the focus error. The curves shown in Figure 7 are obtained from the fit and the dots represent the measured data points. To calculate the DOF we set the acceptable range of CD values and of dose error. In this case we arbitrarily chose ±10% of the design CD value and ±5% of the intensity that yields the design CD. We draw the intensity curves relative to the chosen CD limits and we find the largest rectangle enclosed within the two curves with a height determined by the dose limits. The width of the rectangle is the DOF for the pattern under investigation. An example of this calculation is shown in Figure 8 where we used the CD FE matrix represented by the Bossung plot in Figure 7 . We used a disk-fill illumination with σ = 0.5. We set the CD error as ± 10% of the design CD value and the dose error as ± 5% of the dose that produces the design CD value. We used this procedure to calculate the DOF of vertical lines of various sizes with different partial coherence values. For consistency we used a numerical aperture of 0.0624 (0.25 ×4 NA) and disk fill illumination. The results are presented in Figure 9 and show that the DOF increases with the partial coherence value, as already suggested by the composite image of Figure 6 . It is also clear that the DOF reaches a peak for σ values between 0.7 and 0.8, at least for smaller line sizes (110 and 140 nm). This can be explained observing the CTF curves in Figure 5 that show how the contrast drops for high partial coherence values when the lines are larger than 100 nm.
NILS
Another metric widely used in lithography to assess image quality is NILS that is defined defined as:
NILS provides information on the sharpness of the printed features and is therefore coupled with line width roughness [8] . We measured NILS as a function of half-pitch for three different sigma values. As the plot in Figure 10 shows, for dense lines wider than 100 nm, the highest NILS is achieved for lower σ values. In this way, high NILS occurs in conditions where the DOF is low and vice versa. 
MASK SURFACE ROUGHNESS
Small perturbations in the multilayer structure, either propagated from the substrate or present in the multilayer itself, contribute to generate local phase variations in the beam reflected by the mask. Phase perturbations of the order of λ/30 are already sufficient to create significant effects in the aerial image [9] and can be generated by surface height variation of 0.25 nm or smaller. Surface roughness manifests itself as a speckle-like intensity pattern in the aerial image and, on a patterned mask, contributes to line edge roughness (LER). The source and the effects of mask surface roughness have become a greater concern as projection lithography CDs becomes smaller [8, [10] [11] [12] [13] [14] .
Mask surface roughness is inherently a phase effect and, as such, is strongly dependent on the partial coherence properties of the illumination. We used SHARP to visualize and quantify the effect of surface roughness on a blank mask by tiling through-focus images of 3.6-µm-square area, collected with different partial coherence values. Images were recorded with a 0.0625 NA (0.25 4xNA) and disk-fill illumination.
To quantify the effect of the roughness, we calculated the standard deviation of the normalized image intensity. The contour plot in Figure 11 shows how the intensity modulation from speckle is stronger for small σ values and how it increases as we move slightly out of focus. 
CONCLUSIONS
Partial coherence and illumination control are among the key factors that determine the aerial image quality in lithographic projection systems. NILS, contrast, DOF, mask surface roughness are all strongly dependent on the coherence and on the pupil fill used to image the reticles. We demonstrated the ability of SHARP to shape the pupil fill and to control the illumination coherence in a flexible, lossless manner. The data provide examples of the effects that varying partial coherence has on the metrics commonly used to asses image quality in projection lithography. SHARP can be used to characterize the properties of reticles and to investigate, in detail, how illumination settings affect realworld EUV aerial images.
